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ABSTRACT
In this work, a numerical set-up is built to perform transient numerical simulations of air flow and contaminant transport within transport vehicles. In particular the case of a urban bus is proposed and analysed
in detail, by studying the probability of infection from SARS-CoV-2 during a typical urban travel. The
numerical model is employed to analyse different sources of air inflows, such as a classic air-conditioning
with partial recirculation of outside air, or an air control unit which performs a continuous purification of
the internal air. Boundary conditions are treated differently to take into account the different effect of each
device in terms of air quality and contaminant presence. The air-age is employed to evaluate the overall
quality of the air. The generation and transport of airborne infections is considered by adding a quanta
transport equation and employing empirical value for quanta exhalation and inhalation rates, as well as a
typical emission profile. The infection probability is evaluated by means of an original methodology, based
on the Wells-Riley model, that evaluates the infection risk from different possible sources to different target
positions. The model is validated by comparison to real experiments evaluating the capability of the air
control unit to perform a purification of the environment. Next, two different test cases are proposed, aimed
at comparing the difference in the risk of infection with the purification apparatus switched on or off.

1. INTRODUCTION
The outbreak of SARS-CoV-2 has shown the importance of indoor air quality control and flow pattern
studies. In this sense, Computational Fluid Dynamics (CFD) simulations have always been a powerful
tool to study air movement and contaminant transport. In the case of HVAC installations, CFD can help
understand the flow patterns and propose new alternatives to improve the air quality, which would result
in a reduction of new infections. The improvement of air quality inside means of transport can be carried
out through the use of air conditioning devices, which introduce a certain amount of non-recirculated air
from the outside, or through the use of purification and filtration systems, placed directly inside the vehicle.
The reason to use an air purification system in addition to renovating air from the exterior is to reduce the
quantity of exterior air, and, consequently, the energy consumption associated with conditioning the exterior
air to comfortable temperatures and humidity. The purification system helps to clean the outside air of
contaminating elements present in the air, such as bacteria or particulate matter, which are introduced at
each cycle by the air introduced from the outside. In addition, the air purification system helps in cleaning
the air from pathogenic elements generated by infected sources within the vehicle, and which can not be
guaranteed by the sole recirculation, thus, providing a much better quality from an infection perspective
than non-treated exterior air.
The objective of this work is to simulate the flow configuration, air quality, and contaminant transportation
inside a public transport facility. Different airflow configurations are analyzed based on the combined effect of
the air conditioning (HVAC) system and air control –or purification unit (ACU). The exterior air enters the
system through the air conditioning system, with a certain degree of recirculation. On the other side, the air
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purification unit carries out a continuous cleansing of internal air. To solve the air movement and pathogen
transport, CFD simulations with RANS turbulence models are employed. The transport of contaminants and
other markers for air quality is performed by means of convection-diffusion equations. Similar approaches
have been followed to analyze infection probability in closed environment, both previous (Qian, Li, Nielsen,
& Huang, 2009; You, Lin, Wei, & Chen, 2019) and after the outbreak of SARS-CoV-2 (Guo et al., 2021;
Vuorinen et al., 2020). In those approaches, the Wells-Riley equation is coupled to the CFD solver to perform
a quantitative evaluation of the infection risk related to SARS airborne infections in closed environments as
hospital wards, supermarkets or airplanes. The method is developed on an open-source platform and supercomputing resources are employed to perform calculations. The velocity distribution can help shedding some
light on flow patterns that might contribute to the increase of infections. In addition, a scalar field called
air-age is also solved, as proposed by Limane et al. (Limane, Fellouah, & Galanis, 2015). This scalar field
determines an average of how long the air stays in a place without renovation, so it helps determine the
regions with higher and lower air quality. An original methodology is introduced in this work to determine
the regions where people are more and less likely to be susceptible to infection (via airborne transmission), or
even to be potential focuses of infection. This is achieved by performing multiple simulations of contaminant
transport at steady-state, placing the main contaminant source (infected person) in a different position,
and studying its effect on the rest of the users of the means of transport. Once the distribution of the
contaminant concentration is solved, integration over time is performed to obtain the probability of infection
at each susceptible position employing the Wells-Riley model. The study solves a combination of different
situations, where the air conditioning system is switched on or off and the air purification unit is activated
or not as well. The results then can help quantify the epidemiological outcomes of each configuration and
determine the optimal one.
The paper is distributed as follows: the numerical set-up developed in OpenFOAM is described in detail in
Sec. 2, while the methodology developed to evaluate the infection risk is explained in detail in Sec. 3. Next, a
validation case is proposed in Sec. 4. Finally, the potential of the methodology in evaluating air quality and
infection risk is exposed in Sec. 5, by proposing the comparison of two test cases, with the ACU switched on
–and off, respectively.

2. NUMERICAL SET-UP
2.1 CFD Model
The numerical method proposed in this work resolve Navier-Stokes equations on 3D unstructured domains.
URANS simulations are ran to get statistically steady-state solution for air flow and other control quantities
within the domain of a public transport vehicle. Simulations were run on the OpenFOAM software. In
particular, the pimpleFoam solver was employed, which is a transient solver for turbulent flow in incompressible fluids. The k − ε turbulence model is employed, while the epsilonW allF unction boundary condition
is employed to provide a wall constraint on the turbulent kinetic energy dissipation rate. The transport of
air-age, τ , was added to the solver, representing a reliable indicator to analyse the air quality within a closed
environment


νef f
∂τ
+ ∇ · (vτ ) − ∇ ·
∇τ = 1
(1)
∂t
στ
where v is the velocity field provided by the resolution of Navier-Stokes equations, νef f is the effective
kinematic viscosity, sum of the molecular kinematic viscosity, which is an intrinsic property of the fluid,
and the turbulent kinematic viscosity, which characterizes the turbulence of the flow. στ is the equivalent
Prandtl number for τ and represents the ratio between the diffusion coefficients of the linear momentum and
the air age.

2.2 Contaminant transport
Additionally to Navier-Stokes and air-age equations, the transport of additional quantities is performed in
this work, aimed at studying the distribution of viruses or other contaminants within the environment. The
quantification of viruses and bacteria can be done by introducing the concept of quanta concentration ϕ
[quanta/m3 ] which gets transported over a fluid field. The transport of a quantity concentration, ϕ, whose
particles are sufficiently small in size, can be studied by a typical convection-diffusion equation with a source
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term:

∂ϕ
+ ∇ · (ϕv − Γϕ ∇ϕ) = Sϕ
(2)
∂t
where v is the air velocity, Γϕ is the diffusion coefficient and Sϕ is the contaminant mass flow rate per unit
volume. To determine the diffusion coefficient Γϕ the formula from (Lau, Griffiths, English, & Kaouri, 2021;
Foat, Drodge, Nally, & Parker, 2020) is employed. It considers that the effects of the turbulence on the
diffusion due to mixing is much more important than the normal diffusion. Introducing this constant Γϕ
model for all the domain will probably not be as accurate as using a turbulent model for this property with
its specific Γ for each region, but it will probably be good enough when considering that other factors (for
example, moving people) are not taken into account. The equation reads as:
Γϕ = 0.824 · √
3

Q
V N2

(3)

where Q is the total volumetric flow, V is the room volume, and N is the number of air supply vents.
The value of the source term Sϕ is related to the quanta generation rate concept explained in Sec. 3. The
methodology, as well as the empirical coefficients employed to calculate the infection probability for the
specific case of SARS-CoV-2 are detailed in Sec. 3.

2.3 Geometry, Meshing and Boundary Conditions
The simplified bus geometry analysed in this work is depicted in Fig. 1a. The 3D unstructured mesh,
depicted in Fig. 1b, is developed with a commercial platform and imported in the OpenFOAM format by
employing the fluentMeshToFoam tool. It accounts for approximately 500 000 elements, and is partitioned
into 32 processors to run the case. The maximum size of the elements is 0.1 m, trying to refine more in the
places where the speeds are higher, like the air inlets and the outlets. Inlet flow conditions are applied in
inlet ports, to represent real working conditions of air purifier and air conditioning devices. At the outlet
of the air regions of the bus, a fixed constant pressure is set, together with a Neumann boundary condition
for the velocity, therefore it automatically satisfies the mass balance and the outlet flow is equal to the
inlet one. The air flows out mainly from the air conditioning collectors, at the top center of the domain, as
indicated in Fig. 1a. Moreover, additional air leakages from the bottom of the bus are considered. Inlets and
outlets of the ACU device are not shown in detail, but the position of the device can be seen in Fig. 1a. A
no-slip boundary condition is placed on the rest of the walls. In other words, the speed of the fluid touching
the wall is zero. For the rest of the properties, such as air age or the concentration of pollutants, a zero
gradient is imposed, meaning that the walls have no effect on those concentrations. Boundary conditions
for contaminant transport is treated differently depending on the considered boundary. In the case of the
HVAC system, the recirculation is taken into account by imposing a contaminant concentration at the inlet,
calculated as the weighted average of the concentration at the air outlet with some new air with basic
concentration:
ϕin

(AC)

= (1 − r) · ϕ̄out

(AC)

+ r · ϕclean

(4)

where r is the quantity of renovated air. In the case of the air purification system, the air flow is considered
as entirely purified, hence, being ϕin (ACU ) = 0 at the inlet.
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(a) Simplified bus geometry with indication of inlets and outlets

(b) Meshed domain

Figure 1: Bus geometry, boundary faces and meshed domain

3. INFECTION RISK METHODOLOGY
3.1 Wells-Riley Model
According to the Wells-Riley model, the probability of infection follows a Poisson distribution, being q the
quanta breathed by a person over a certain period of time
P = 1 − e−q

(5)

where q is a quantum of infection or quanta (Loomans, Boerstra, & Wisse, 2020; Guo et al., 2021), representing the number of infectious airborne particles required to infect a person based on a Poisson distribution.
The probability of being infected by a single quanta is 63.2%. To clarify, if you breathe a certain quantity of
air over a period of time, and this volume of air had an equivalent of a quanta in terms of infectious particles,
you have 63.2% chances of getting infected. In terms of quanta generation and absorption, every disease is
different. However, the expulsion rate of virus particles from infected subjects, the quantity inhaled from
susceptible people, and the probability of being infected as a function of exposure time can be determined as
a result of empirical studies. In this work, we employed empirical data from different sources to estimate the
quanta generation rate (Wang, Galea, Grandison, Ewer, & Jia, 2021; Buonanno, Morawska, & Stabile, 2020).
There is some variation between sources due to the high uncertainty. The results we will get are capable of
giving an order of magnitude for the probability of infection and compare between cases, but it won’t be an
exact number. For our cases we will consider the quanta generation rate (quanta emitted or exhaled by one
person) reported in Tab. 1, corresponding source term for the virus transport equation.
Table 1: Quanta generation rate for COVID-19 in our simulations. fa is the mask correction factor
Case

Sθ

Assumption

Person breathing
Person coughing

25 · fa
200 · fa

Average behavior (some seated, some standing, some talking)
Person singing or loudly speaking

The concentration of quanta over time ϕ(t) in the proximity of a each susceptible subject is tracked. Then,
considering the volumetric flow of air that a person breathes, we can calculate the quantity of ϕ inhaled (Iϕ ).
A person breathing rate (Nishi, 2004) is 7.5 l/min when resting, and up to 120 l/min in heavy exercise. We
will consider the people of the bus to be in a resting mode, so using the adequate units we can write the
follow expression for the Person breathing flow rate: br = 1.25 · 10−4 m3 /s. Regarding the mask correction
factors, considering that the average kind of masks employed are surgical masks, which are estimated to
block about 30 − 60% of the particles, an fa = fb = 0.4 − 0.7 should be considered. In simulations, an
average fa = fb = 0.5 is set, considering a 50% reduction for both the source and inhaled quantities. With
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all previously explained data we can calculate the inhaled quanta Iϕ . The numerical integration is performed
at the end of the simulation as follows:
Z tend
Iϕ = fb ·
ϕ(t) · br dt
(6)
0

being ϕ [quanta/m3 ] the local quanta concentration. Hence, based on the Wells-Riley model we can estimate
the probability of infection as:
Pi = 1 − e−Iϕ
(7)

3.2 Risk Matrix
In this work a methodology is defined to evaluate the global risk of contagion with a certain configuration
of air sources, e.g. the air conditioning and the air control device. The reference situation is described
as follows: an infected person enters a clean bus an at t = 0 min and takes a seat of the ones depicted
in Fig. 2a. She/he breathes normally and at t = 2 min starts coughing (for about 20 seconds), and then
again coughs at t = 10 min during 20 s. This person remains in the bus for 20 minutes and then leaves.
The contamination effect is tracked within the simulation over 30 minutes. The source profile is shown in
Fig. 2b. The probability of contagion is calculated for each person inside the N positions in bus. Then, a
new simulation is performed, assuming the infected person takes another seat. This process is repeated for
the N seats. The output of this study consists of a risk matrix, corresponding to the risk for a person placed
in place x of N (Susceptible Seats) of being infected by that person sitting in place y of N (Infected Seats).
Examples are reported in a graphical way in Fig. 5. The total sum of the risks provides an overall indication
of the risk obtained with a certain configuration. It must be considered that each of these simulations is
performed only on the transport of ϕ and with a stationary velocity field (which must be resolved only once
for each flow field configuration), therefore, the global simulation time is contained.

(a) Position of people within the bus

(b) Profile of the exhaled quanta from the infected person

Figure 2: Positions considered for calculating the infection risk, and source profile of the exhaled quanta.

4. VALIDATION TEST
The numerical results were validated by reproducing an experimental campaign performed in the facilities
of Rolen Technologies. The experiment consisted in measuring the dispersion and decaying of different
contaminants within a bus where the purification unit only is activated. The boundary conditions are a
single fresh air inlet (air age 0) at a given flow rate of Q = 300 m3 /h exiting vertically at v = 1.23 m/s
through a 0.26 m × 0.26 m surface section, depicting the real working conditions of the air purifier. The
experiment is started by measuring common pathogens from ambient air, i.e. fungi and bacteria, in the
environment isolated from the external one, avoiding air leakages. Next, air samples are taken every 7
minutes from 4 different regions of the bus and up to 21 minutes. The amount of bacteria and fungi trapped
in the air samples are then analyzed in laboratory to evaluate the evolution of the pathogens concentration
over time. In CFD simulations, we consider an initial scalar field with concentration c = 1 (100 % fungi
and bacteria). The air intake of the purifier is considered to be at c = 0 (completely purified air, 0 % fungi
19th International Refrigeration and Air Conditioning Conference at Purdue, July 10-14, 2022
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and bacteria). The pathogen transport is regulated by the convection-diffusion equation reported in Eq. 2.
In the comparison with the experimental data, pathogens are normalized to their initial values, so that at
the instant t = 0 correspond in each region to c = 1. For the sake of simplicity, only results regarding
fungi are reported. It can be seen that an overall good agreement is shown in the decay of contaminant
concentration in different zones of the domain. Despite, some differences in the results, the comparison with
the experimental data gives satisfactory values, specially taking into account the multiple simplifications of
the numerical set-up and uncertainties of the experiment. The similarity with the experimental data seems
good enough to consider the model valid to see tendencies and calculate contaminant dispersion on the
bus.

(a) P1 Back door

(b) P2 Back wheel

(c) P3 Central door

(d) P4 Front door

Figure 3: Contaminant evolution over time compared with experimental data

5. NUMERICAL RESULTS
The results obtained in two different relevant configurations are shown and compared in terms of air-age
distribution and infection risk, and doing general considerations regarding relevant air flow paths due to the
chosen configuration. The proposed case are the following:
• Case 1 In the first case, only the HVAC system is switched on, therefore the renewal of the infected
air is due to the introduction of a percentage of non-recirculated external air. A balance of air flows
for this case is depicted in Fig. 4a.
• Case 2 In the second case, the air control device is activated, which allows a total filtration of pathogens
present in the air that passes through it. The HVAC system is switched-on as well. The air flows chart
is depicted in Fig. 4b.
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Air conditioning

Air conditioning

Outside air
1500 m3 /h

Purification unit

Outside air
1500 m3 /h

Bus air
Mixed air
4500 m3 /h 6000 m3 /h

Bus air
Mixed air
4500 m3 /h 6000 m3 /h

Bus air
300 m3 /h

Bus air outlets
1500 m3 /h

(a) Case 1, only HVAC switched on

Clean air
300 m3 /h

Bus air outlets
1500 m3 /h

(b) Case 2, Both HVAC and air control device on.

Figure 4: Air flow rates in the two main cases studied

(a) Case 1

(b) Case 2

Figure 5: Infection risk matrix

5.1 Case 1
In Case 1, an overall low air-age is observed, as depicted in Fig. 6a. The value is particularly low in the center
of the domain, while larger values are experienced at the front and back of the bus. The air-age gets specially
high in correspondence with the driver seat, although it is not particularly critical as it would correspond
to 8 renovations per hour. The overall risk matrix is reported in Fig. 5a. A more clear quantification of risk
and susceptibility is proposed in Fig. 7 by means of histograms. In Fig. 7a, the probability of infecting for
people seated in each seat is reported. On the other side, Fig. 7b shows the probability of being infected for
each seat. We observe that the seats at the center are the ones that are more prone to causing infection,
while the ones at the back, along the ones at the front are the less prone ones. People in the front of
the bus, including the driver, are the people with higher probability of contracting infection. This can be
explained by the velocity streamlines reported in Fig. 8a, involving the quanta generated by an infected
person placed at seat 8. Most of the exhaled air returns to the air conditioning system and gets recirculated,
so it has more potential of infection. Other seats like 12 have a lower infection potential because most of
the air exits through the bottom door outlet, although some of it is recirculated at the AC. streamlineas
are depicted in Fig. 8b. Given the contaminant profile reported in Fig. 2b, the current configuration has
an overall probability of infection of 111.3/100000. The mean air age of the case is 2.12 s, which is enough
to consider the space as well ventilated, as its mean value would correspond to almost 30 renovations per
hour. The front and the back of the bus would have 15 renovations per hour and the most critical region is
the driver seat with 8 renovations per hour. This is also due to the presence of the protective glass which
19th International Refrigeration and Air Conditioning Conference at Purdue, July 10-14, 2022

2358, Page 8
shields the conductor area and prevents efficient air exchange. The most contaminating seats are the ones
positioned at the front-middle of the bus, as the air breathed by these people gets mostly recirculated by
the AC system. The most susceptible seats are the ones at the front of the bus, probably due to the lower
clean air renovation at that region.

(a) Case 1

(b) Case 2

Figure 6: Air age in the analyzed configurations

(a) Infection risk probability per seat

(b) Infection susceptibility risk per seat

Figure 7: Case 1: Risk histograms.

(a) Seat 8

(b) Seat 12

Figure 8: Case 1: Air flow streamlines

5.2 Case 2
Regarding Case 2, we observe again an overall low air age, with very low air age at the center and a larger
air age at the front and back of the bus. The zone with the lowest renovation –or highest air-age is still
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the one close to the driver seat, despite the fact that the number of air-shifts increases in this case up to 15
renewals per hour. The overall risk matrix is reported in Fig. 9a. Again, as depicted in Figs. 9a and 9b, the
seats at the center are the ones that are more prone to causing infection, while the ones at the back, along
the ones at the front are the less prone ones. Infection risk in the front part of the bus is still the highest of
the domain, despite an approximate 20% reduction compared to Case 1. If we represent the streamline of
velocity that a person at seat 5 (Fig. 10a) we can see that all the air returns to the air conditioning system
and gets recirculated, so it has more potential of infection. Regarding the purified air from the unit, as
shown in Figure 10b, it impacts the floor and then go through the front of the bus. Some of the purified air
gets lost at the bottom of the front door Given the considered contaminant profile, the current configuration
has an overall probability of infection of 97/100000, while the mean air age of the case is 1.86 s. If we take
as reference the data of Case 1 we get an infection reduction of about 13% using the air purification system
in addition to the air conditioning. It is within the expected order of magnitude considering we go from a
renovation of clean air of Q = 1500 m3 /h to Q = 1800 m3 /h. The air age is improved and reduced at the
front of the bus, specially on the drivers seat. The most infecting seats are again the ones at the front-middle
of the bus, but now their overall potential of infection is lower.

(a) Infection risk probability per seat

(b) Infection susceptibility risk per seat

Figure 9: Case 2: Risk histograms

(a) Seat 5 Streamline

(b) Air purification Streamline

Figure 10: Case 2: Air flow streamlines

6. CONCLUSIONS
In this work, a numerical set-up aimed at simulating air quality and contaminant transport in detailed 3D
geometries is presented, with a particular focus on public transport vehicles. The overall risk of infection
due to airborne viruses or bacteria can be evaluated by means of the originally designed methodology, based
on the Wells-Riley model. The first results, reported in Sec. 4, are aimed at validating the set-up. The
test case consists in evaluating the contaminant removal in the bus with the ACU only switched on and
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comparing the results with the ones obtained experimentally. The results were in overall good agreement,
demonstrating the reliability of the CFD set-up. Next, in Sec. 5, the results obtained on two test cases are
shown, demonstrating the potential of the method in the study and optimization of configurations in means
of transport, easily extendable to other fields of application. In the first case, the urban vehicle is circulating
with the HVAC system only activated. In the second case, the ACU unit is activated as well. The results
show the capability of the ACU system to reduce by 20% the overall infection risk.
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